Recent reports using anesthetized ventilator-dependent animal models, have suggested that in certain shock states, a disparity exists between arterial and mixed venous blood gases with regard to acid-base status and oxygenation. In a chronically instrumented unanesthetized canine model of acute cardiac tamponade breathing room air, we studied the effect of a graded decline in cardiac output on arterial and mixed venous pH, Pco2, and P02. Cardiac tamponade resulted in a profound arterial respiratory alkalosis, whereas mixed venous pH, Pco2, and calculated serum bicarbonate levels remained relatively unchanged. As intrapericardial pressure increased and cardiac output declined, the difference between arterial and mixed venous Pco2 progressively increased. Further, whereas arterial oxygenation improved as cardiac output declined, mixed venous oxygenation steadily worsened. This disparity began early in cardiac tamponade (reductions in cardiac output of 2040%) long before arterial blood pressure began to fall and progressively worsened as hemodynamic deterioration and lactic acidosis developed. Our findings are consistent with the hypothesis that a reduction in blood flow, resulting in decreased CO2 delivery to the lungs, is the primary mechanism responsible for the difference in pH and Pco2 observed between arterial and mixed venous blood. In this conscious, spontaneously breathing animal model, mixed venous blood gases thus are superior to arterial blood gases in assessing acid-base status and oxygenation, even early in acute cardiac tamponade when the decline in cardiac output is in the range of 20 to 40% and arterial blood pressure has not changed significantly.
Introduction
The clinical use of arterial blood gases to assess acid-base status and oxygenation during shock states is a time-honored tradition. Recent reports, using anesthetized ventilator-dependent animal models, have suggested that in certain shock states, a disparity exists between arterial and mixed venous (pulmonary arterial) blood gases. In a porcine preparation ofcardiac arrest, and in patients successfully resuscitated from cardiac arrest, Grundler and Weil (1, 2) demonstrated that there was a marked paradox of venous acidemia and hypercapnia with arterial alkalemia and hypocapnia. Halmagyi et al. (3) and Paluch et al. (4) have also demonstrated selective mixed venous hypercarbia in anesthetized ventilator-dependent canine models of hemorrhagic hypotension and endotoxemia. This paradox was felt to result from a decreased clearance of carbon dioxide from the lungs when pulmonary blood flow was reduced. This is an important concept, because if it is true of reduced cardiac output states in spontaneously breathing conscious individuals, our current approach to the diagnosis and treatment of disorders of acid-base balance and oxygenation in these clinical situations is also incorrect.
Since these past studies have been limited to a narrow spectrum of clinical shock states and have been confounded by the use of anesthetized, ventilator-dependent models (5-9), we chose a chronically prepared unanesthetized canine model of graded cardiac tamponade, to test the hypothesis that, as cardiac output progressively declines, a disparity develops between arterial and mixed venous blood gases with regard to acid-base status and oxygenation.
Methods
Five mongrel dogs weighing 25.6-28.7 kg were screened for parasites, fasted overnight, and anesthetized with sodium pentobarbital (30 mg/kg i.v. to effect). The dogs were then intubated and ventilated by a volume respirator (Harvard Apparatus Co. Inc., The Ealing Corp., S. Natick, MA) with air enriched with oxygen (6 liter/min). The electrocardiogram was monitored throughout the procedure and arterial blood gases were obtained hourly.
A left thoracotomy was performed in the fifth intercostal space using aseptic techniques. A polyvinyl catheter (Tygon, 0.05 in i.d.; Norton Co., Akron, OH) was inserted into the left internal mammary artery and advanced to the aortic arch. After the position of the catheter was manually confirmed, it was secured and used to monitor arterial blood pressure and arterial blood gases throughout the procedure. A similar polyvinyl catheter was inserted into the right internal mammary vein, advanced to the right atrium, filled with a heparin solution, and sealed. A 3-4-cm incision was made in the pericardium overlying the proximal pulmonary artery and the left anterior descending coronary artery. An electromagnetic flowprobe was placed around the ascending aorta ([Howell Instrument Co., Camarillo, CA] used with a Narcomatic electromagnetic flowmeter, model RT-500; Narco Bio-Systems, Houston, TX). Two catheters (plastic Levin tube, 18 Fr, Davol Inc., Cranston, RI) were positioned in the pericardial space through separate purse-string sutures with their tips adjacent to the diaphragmatic surface of the left ventricle. A polyvinyl catheter was inserted into an extrapericardial branch of the left pulmonary artery through a purse-string suture and directed retrograde to the main pulmonary artery. After manual confirmation of its position, the catheter was secured, filled with a heparin solution, and sealed.
The pericardium was carefully sealed with a continuous locking suture. A chest tube was placed and all catheters were passed individually through the chest wall and tunneled subcutaneously to an area between the scapulae and exteriorized. The ribs were approximated with umbilical tape, and the muscle, subcutaneous tissue, and skin were closed in layers to provide an airtight seal. All catheters were flushed, filled with a heparin solution, and capped. The chest was evacuated by gentle suction on the chest tube, and the dog was fitted with a vest with a small pocket into which all catheters and transducer leads were placed. The pericardial cavity was emptied, 30 ml of sterile saline was instilled, and the pericardial catheters were sealed. The animal was extubated and placed in an incubator overnight to recover. 1 mg/kg i.m. meperidine was given as needed for postoperative discomfort. After surgery, the animals were brought to the laboratory daily. The pericardial space was drained and 30 cm3 of normal saline was instilled. 500 mg of cefazolin was given intravenously and all intravascular catheters were aspirated and refilled with a heparin solution. 4-5 d after surgery, the conscious dog was allowed to stand comfortably in a sling. The aortic, right atrial, pulmonary arterial, and pericardial catheters were attached directly to pressure transducers (P23Db; Statham Instrument Co., Hato Rey, PR). Respiratory rate was measured by recording the change in electrical resistance in a small mercury-filled silastic tube (Whitney gauge) placed around the thorax. The pericardial and pleural spaces were drained, and baseline data were recorded when the animal was comfortable and a steady-state situation had been achieved. When necessary, normal saline at body temperature was infused intravenously so that mean right atrial blood pressure in all animals was between 0 and 4 mmHg during the baseline period. Cardiac tamponade was produced by the continuous infusion of 0.9% sterile saline at 37°C into the pericardial space at a rate of 20 ml/min with an infusion pump (Masterflex; Cole-Parmer Instrument Co., Chicago, IL). The infusion was continued until decompensated cardiac tamponade resulted, defined as a decline in mean aortic blood pressure to 70% of the level present during the baseline period. The hemodynamic derangement was well tolerated and could be quickly reversed by rapid removal ofthe pericardial fluid.
During the infusion, hemodynamic data were continuously recorded by an FM tape recorder (A. R. Vetter Co., Rebersburg, PA). The same data were also recorded at 2-mmHg increments in intrapericardial pressure on a strip chart recorder (model 2800; Gould Inc., Cleveland, OH). At every 4-mmHg increase in intrapericardial pressure, 1 ml ofaortic and pulmonary arterial blood was withdrawn using heparinized tuberculin syringes (Becton, Dickinson & Co., Oxnard, CA). All air bubbles were removed from the samples, and the samples were sealed and placed in an ice bath. Blood gas determinations were performed on both aortic and pulmonary arterial samples using a blood gas analyzer (Corning model 158; Corning Medical, Corning Glass Works, Medfield, MA). The hematocrit was measured in both the arterial and mixed venous samples using capillary tubes (Lancer Div., Sherwood Medical Industries, Foster City, CA) spun for 3 min in a micro-hematocrit centrifuge (Autocrit II; Clay Adams Div., Becton, Dickinson & Co., Parsippany, NJ). Oxygen content was measured in arterial and mixed venous blood samples (Lex-02-Con; Lexington Instruments, Waltham, MA). Percent saturation of hemoglobin was calculated by using the following formula: %Sat = (100) (02 content -.003 Po2)/1.39 (Hct/3) (reference 10).
When decompensation was reached, hemodynamic data were recorded and blood samples were obtained. The pericardium was then evacuated by gentle suction on the pericardial catheters. The animal was allowed to recover for at least 1 h before recovery samples were drawn. A maximum of two experiments were performed in 1 d on a single animal, with sufficient time for recovery between experiments. All animals underwent four experiments over a 2-d period. The positions of all catheters were confirmed at autopsy, and the heart and aorta were removed with the flowprobe in place. Calibration of the flowprobe was performed using timed collections of normal saline (11) .
In an additional group of three animals, decompensation was maintained for 20 min with infusions of fluid into the pericardium as needed to maintain mean arterial blood pressure at < 70% of baseline levels. l-ml samples of aortic and pulmonary arterial blood were collected at 1, 3, 5, 8, 10, 15, and 20 min after reaching a decompensated state, and 15 min after removal of all pericardial fluid (recovery). Besides blood gas determinations, as previously described, mixed venous lactate levels were measured using a lactate analyzer (model 23L; Yellow Springs Instrument Co., Yellow Springs, OH).
Hemodynamic data were transferred from an analogue tape to a digital computer (LSI 11/23; Digital Equipment Corp., Marlboro, MA) and sequential interactive programs were used to calculate cardiac output, all measured pressures, heart rate, and respiratory rate. A repeated measures analysis of variance with a single factor between subjects (arterial or mixed venous samples) and a single factor within subjects (level ofintrapericardial pressure) was used to analyze the data (12). The Waller-Duncan multiple comparisons technique was used to compare individual means (13) .
Results 20 episodes of acute cardiac tamponade were performed on five dogs (two episodes of tamponade in a single animal were eliminated due to suspected sepsis). Table I shows the mean hemodynamic data for all five dogs as cardiac tamponade progressed to decompensation. Decompensation occurred at a mean intrapericardial pressure of 18.4 mmHg. There was an increase in heart rate (from 135 to 186 beats/min; P < 0.001), respiratory rate (33-42/min; NS), and mean right atrial blood pressure (4.8-16.6 mmHg; P < 0.001) as cardiac tamponade progressed. Mean aortic blood pressure fell from 88 to 58 mmHg (P < 0.001) and cardiac output declined from 3.0 to 1 liters/min (P < 0.001) as intrapericardial pressure increased.
The effects of cardiac tamponade on mixed venous (pulmonary arterial) blood gases are illustrated in Table II Arterial blood gases, likewise, showed significant changes during acute cardiac tamponade (Table III) . Mean arterial pH increased from 7.43 to 7.59 (P < 0.001) with a decline in both PCO2 (29.1 to 11.4 mmHg; P < 0.001) and calculated serum bicarbonate levels (19.4 to 11.0 mmol/liter; P < 0.001) indicating a profound respiratory alkalosis. Arterial P02 (from 76.8 to 93.8 mmHg; P < 0.001) and oxygen saturation (95.6 to 98.0%; P < 0.001) actually increased as progressive hemodynamic deterioration occurred.
A striking disparity thus was present between arterial and mixed venous blood gases as intrapericardial pressure increased and cardiac output declined during cardiac tamponade. A statistically significant difference between the arterial and mixed venous pH when compared with their difference at baseline began at an intrapericardial pressure of 12 mmHg and increased as decompensation was achieved (Fig. 1 A) . Likewise, Pco2 (Fig. 1 B) and calculated serum bicarbonate levels ( Fig. 1 C) began to show a significant change (from the differences present at baseline) at an intrapericardial pressure of 12 mmHg when mean cardiac output was reduced by 40%. Finally, a striking disparity was noted between arterial and mixed venous P02 (Fig. 2 A) and oxygen saturation (Fig. 2 B) . As Table IV . Mean aortic blood pressure remained at < 70% of baseline levels throughout the extended period of decompensation whereas cardiac output declined slightly (1.5 to 1.2 liters/min). Heart rate, right atrial blood pressure, and respiratory rate were essentially unchanged from the initiation of decompensation. Fig. 3 Table I . Dct, decompensation.
status between arterial and mixed venous blood gases are not well understood. The Fick equation states that CvCO2 = VCO02Q + CaCO2, where CvCO2 is defined as mixed venous CO2 content, VCO2 is CO2 production by the tissues, Q is tissue blood flow, and CaCO2 is arterial CO2 content. In contrast to findings obtained in the presence of anesthesia and mechanical ventilation, in our conscious spontaneously breathing animals, as cardiac output was gradually reduced by cardiac tamponade, we found a slight decrease in mixed venous CO2 content, a decrease in CO2 production by the tissues, and a striking decline in arterial CO2 content (hyperventilation). These changes began to occur at surprisingly small decrements in cardiac output before arterial blood pressure fell below baseline levels and persisted during extended decompensated cardiac tamponade as lactic acidemia developed. As Farhi (15) pointed out, the blood's CO2 content is altered in two regions: the alveolar-arterial interface in the lungs, in which equilibration with arterial Pco2 occurs, and in the peripheral tissues of the body that equilibrate with the venous blood. With adequate cardiac output and venous return to the heart, there is sufficient communication between these two areas. However, as cardiac output and venous return to the heart decrease, these regions become increasingly isolated. Therefore, during cardiac tamponade, arterial blood gases reflect primarily alveolar-arterial exchange, whereas mixed venous blood gases are superior in assessing tissue acid-base status and oxygenation. Our findings are consistent with this hypothesis. The extreme hyperventilation we observed in our conscious model (in the absence of a significant change in respiratory rate) suggests that the ratio between alveolar ventilation and perfusion must become markedly elevated.
Graded acute cardiac tamponade resulted in a progressive increase in arterial and a decrease in mixed venous Po2 and oxygen saturation. Oxygen extraction by the tissues thus increased continuously. Further, a statistically significant difference between the arterial and mixed venous Po2 and oxygen saturation curves (when compared with their difference at baseline) began at an intrapericardial pressure of 8 mmHg when mean cardiac output was reduced by only 20%. A reduction in mixed venous Po2 as cardiac output declined has been previously reported (16-18) and forms the basis for the use of serial mixed venous oxygen determinations to assess the severity of various shock states. However, since cardiac output is equal to oxygen consumption divided by the difference in oxygen content between arterial and venous blood (19) , for mixed venous oxygen levels to reflect changes in cardiac output, oxygen consumption and arterial oxygen content must remain relatively constant (20) . In our model of acute cardiac tamponade, we have found neither of these assumptions to be valid (2 1) .
The changes in arterial pH, Pco2, and Po2 that resulted from an increase in intrapericardial pressure in our experiments would not be expected to cause hyperventilation. One may speculate that afferent input leading to hyperventilation may have resulted from stimulation of cardiac or pericardial receptors.
In conclusion, this study demonstrates that as cardiac output declines during graded acute cardiac tamponade in conscious dogs, a progressive disparity develops between arterial and mixed venous blood gases with regard to both acid-base status and oxygenation. This disparity begins early in cardiac tamponade (with reductions in cardiac output of 20 
